Multiple-crystal diffraction profiles and multiplecrystal topography have been combined to characterize semiconductor materials. X-ray topographs have been measured on the same region of the sample as the diffraction profiles and diffraction space maps, by insetting a film cassette in the diffracted beam path of a high-resolution diffractometer. This has proved to be a very powerful combination for providing a deeper understanding of the structural features that give rise to the high-resolution diffraction profiles. The data collection mode is discussed and the problems associated with interpreting 'rocking curves' of imperfect materials. The misorientation and nature of the mosaic blocks in semiinsulating GaAs have been revealed by this method.
Introduction
Some of the parameters in specifying crystal quality are the residual strain, the defect density and the mosaic structure. The residual strain will relate to the stress induced during crystal growth and the surface preparation, whereas the defect density (or dislocation density) will result from plastic deformation from stresses that could not be contained by the elastic strains. Crystal mosaicity can result from the segregation of defects enclosing regions of perfect crystal (mosaic block) and the mosaic spread is the angular distribution of tilts between these regions. The defect density and mosaic structure can be determined by X-ray topography whereas the strain and mosaic spread can be determined with a diffractometer described by Fewster (1989a) . The conventional double-crystal diffractometer (Compton & Allison, 1935) and the three-crystal five-reflection diffractometer described by Bartels (1983) have inherent limitations in studying crystals that are not perfect. The three-crystal five-reflection diffractometer does, however, limit the wavelength dispersion, thus overcoming the need to change the first (collimating) crystal as in the double-crystal method.
Both methods have open-ended detectors that accept X-rays scattered over a large angular range from the sample without differentiation. This problem has 0021-8898/91/020178-06503.00 been overcome by inserting an analyser crystal in the diffracted beam path. Various workers have undertaken this approach using triple-crystaldiffractometer methods (Cowley, 1987; Lomov, Zaumseil & Winter, 1985; Iida & Kohra, 1979) . The triple-crystal diffractometer still has many of the inherent limitations of the double-crystal diffractometer and thus requires matching of the Bragg angles through the X-ray optical components. Also the interference from long streaks of diffracted intensity associated with the first and third crystals can be Monochromak~r CO ","'i "" <,r.,,-, ~Sample troublesome for mapping the intensity in diffraction space. Iida & Kohra (1979) have made use of a grooved first crystal which reduced the diffraction streaking from the first crystal. The diffractometer used for these experiments, Fig. 1 , produces an instrument function given in Fig.  2 . This 'reciprocal-space probe' is virtually tailless over the present dynamic range of the instrument, which allows clear reciprocal-space maps to be produced and requires no matching of the Bragg angles; it is suitable for the study of any crystal system and any reflection. The experiments described in this study were obtained with the germanium monochromator and analyser crystals with 220 reflections and Cu Ktr radiation.
The interpretation and advantages of this instrument are best shown by the reciprocal-space map of intensity, Fig. 3 . This example is for an imperfect
,dq [~o] (10-3A -1) Fig. 3 . The diffraction space map (logarithmic scale over four orders of magnitude) close to the 004 reflection from a 2 I~m AlInAs layer on an InP substrate. The parallel lines AB represent the finite width of the Ewald sphere due to the wavelength band pass through the monochromator. CD is a radial direction from 000 along d* and would correspond to an to-nto' scan when n = 2. The to scan is perpendicular to CD. The open-ended detector experiment will accept all the intensity between the lines AB as the diffraction spots are swept perpendicular to CD. The HRMCMRD probe is represented by the parallelogram A'B'.
2 I~m thick AlInAs layer grown by molecular beam epitaxy on an imperfect iron-doped semi-insulating InP substrate. Over the angular range considered, reciprocal and diffraction space appear the same (i.e. sinto~-sinto2 = cosa~Ato, where to, and toE are the angular range limits of the map), and therefore we can consider how these three-dimensional diffraction spots interact with the Ewald sphere. The surface of the Ewald sphere has a finite thickness which relates to the wavelength band pass through the monochromator and is represented by the width of the line AB, Fig. 3 .
For the conventional open-ended detector experiment, the detector acceptance will be large, usually several degrees and will be represented by a sector of the Ewald sphere longer than AB, Fig.  3 . The monochromator will have a finite angular spread in a) and this will broaden the diffraction spots perpendicular to CD (d*), Fig. 3 . The three-crystal five-reflection or double-crystal diffractometer experiments are performed by the to scan, Fig. 3 , where the diffraction spots sweep through the surface of the Ewald sphere along the direction perpendicular to d* (CD). It is clear that the scattering from the layer and the substrate become confused and mixed. The resulting 'rocking curve' is given in Fig. 4 . The layer diffraction spot peak is less than that from the substrate, although the 'rocking-curve' gives a different impression because the intensity recorded is the integrated value over the detector acceptance range. The profile widths are a complex function of the strain variation, mosaic spread and curvature.
The high-resolution multiple-crystal multiplereflection diffractometer (HRMCMRD) (Fewster, 1989a) can separate the influence of strain variation, mosaic spread and curvature. The acceptance angle for the detector is 10" arc (FWHM) and is represented by a small parallelogram in Fig. 3 ; therefore an ar-2to' scan along the line CD will produce a diffraction profile as in Fig. 4 . In fact many scans parallel to CD produced this diffraction map. The strain distribution in the substrate or the layer will now be directly related to the width over and above that of the simulated profile. The to scan will be related to the mosaic spread and the curvature of the sample and these can be separated. The intensity distributed along to can also be recovered by adding all the rocking curves together, where it is clear in Fig. 4 that the profile shapes are unchanged yet the layer peak intensity has increased and is tending to that expected. Since the layer and substrate widths (FWHM) parallel to CD are unchanged there is no variation in the lattice parameter between regions with different orientations. There is considerable diffuse scattering outside the mapped region which would have to be included to account for the remaining scattered intensity expected from a 2 ~m layer. The diffuse scattering arises from structural defects whose strain-field shape can be deduced from the distribution of scattered intensity. The to-2to' profile is also broader than the theoretical width and will relate directly to a strain variation over the sampled depth; this can be estimated by the convolute that produces the best fit if the true strain profile cannot easily be modelled. In this case a Gaussian broadening profile was used giving a full-width-athalf-maximum residual-strain value of 1.5 x 10 -4. The reduced dynamic range compared with that expected theoretically for the instrument results from the mosaic structure and curvature since the intensity is now distributed along to. Multiple-crystal topography has some advantages over the use of slits for obtaining high-resolution topographs, especially in the Bragg-case geometry. The image width can be reasonable without scanning and the background noise level can be very low. Many topographic studies have been made on mosaic or granular crystals, but in general these have been concerned with large lattice plane tilts (see for example Fewster, 1990) . The double-crystal method will give very high-resolution topographs (Tanner, 1990 ) and for less-perfect crystals the sensitivity can be reduced by introducing wavelength dispersion (Jones, Young, Cockayne & Brown, 1981) or divergent-beam geometry (Kohra & Takano, 1968; Polcarova & Bradler, 1987) . The three-crystal fivereflection topographs described have very high strain sensitivity comparable to double-crystal methods, but have the advantage of lower background noise _.c levels.
Czochralski (LEC) was etched to remove any remaining surface or subsurface damage. The etch used was an 8:1:1 H2SO4, H202, H20 mix. The 004 reflection was chosen for this study and Cu Ka radiation.
The three-crystal five-reflection 'rocking curve' was measured and gave a profile broader than that expected theoretically (Fig. 5 ). This can be compared with the HRMCMRD profile; it can be seen that the HRMCMRD profile is a near-perfect match to the theoretical profile, which was determined by the convolution of the intrinsic crystal profile and the instrument function. The intrinsic profile was derived using dynamical theory (Fewster & Curling, 1987) and the instrument function was obtained by the method given by Fewster (1989a) . With the diffractometer in question, the horizontal (or diffraction plane) instrument function is determined by the optical components, the monochromator and the analyser. Fig. 2 does show, however, that these crystal components, although free from dislocations, may not be perfect to meet the theoretical shape over this full dynamic range of six orders. The vertical divergence broadens the diffraction spot along to and amounts to 4.5" arc without a slit (220 reflections used through the monochromator and a sample Bragg angle of 33°). Therefore the vertical divergence of the beam broadens the three-crystal five-reflection 'rocking curve' but not the HRMCMRD to-2to' profile. The instrument function is still very small, yet has the advantage of high intensity. The vertical divergence is assumed to have a Gaussian distribution which is truncated by the finite height of the groove in the analyser crystal.
The diffraction map, Fig. 6(a) , from this semiinsulating GaAs sample is very broad along qtllO], but narrow along qlool]. Since this is the 004 reflection from a (001) surface, this represents a small fluctuation in the diffraction vector q from the presumed [001] direction over the sampled region. This could arise from different regions of orientation, for Method A semi-insulating (001) GaAs crystal grown by Wacker-Chemitronic GmbH by liquid encapsulated example sample curvature and mosaic spread giving a small component along qlf. Variations in qtooq will indicate fluctuations in the lattice-plane spacing. The finite size of the diffraction peak not only depends on the influence of variations in strain and orientation, but on the intrinsic diffraction width and the instrument function. To calculate the expected diffraction map from a perfect crystal, the 004 diffraction profile is calculated and is then convoluted with the monochromator profile, vertical divergence broadening effect and the analyser profile (Fewster, 1989a) . The resulting diffraction map is given in Fig. 6(b) , although over five orders of magnitude. The strong intensity streak along q[oo~] arises from the abrupt termination of the crystal surface. The width of the profile along q,, which is predominately due to the monochromator, is much narrower than the experimental profile of Fig. 6(a) . This can be compared with a typical diffraction map, Fig. 6(c) , of a silicondoped GaAs substrate crystal which has a dislocation density two orders of magnitude lower than the semi-insulating GaAs sample. The experimental conditions are identical and it is clear that the spreading in q// is significantly less than that for semi-insulating GaAs, and tends towards that for a perfect crystal, Fig. 6(b) . The dopant concentration in the Si-GaAs sample is approximately 2 x 1018cm -3 and therefore the symmetrical ring of diffuse scattering around the Bragg peak, whose intensity falls as Aq -2, probably arises from Si point defects (Huang, 1947) . It has been established that bend and mosaic spread broadens the diffraction spot along to and these two effects can be separated (Fewster, 1989b) . If the sample is bent then the to profile will be a smooth function, and if the curvature is predominately in the horizontal plane (normal to the to axis) then the to profile would become narrower when a vertical edged slit is placed in the incident beam: from this the radius of curvature can be determined. The two to scans, with and without a slit (Fig. 7) , are very similar, and therefore the radius of curvature in the plane of diffraction has a very small contribution to this to-profile width. Suppose now that curvature is inclined to the plane of diffraction; then the to-profile broadening will be given by the projected diffraction vectors onto the horizontal plane (normal to the to axis). Again we would expect a uniformly bent sample to result in a smooth to profile. Alternatively a mosaic structure will appear as discrete diffracting (10-ZA -1) (a)
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~q [001 ] (IO-aA -I) Fig. 6. (a) The measured diffraction map for the mosaic GaAs crystal compared with that simulated for (b) a perfect crystal and; (c) a more perfect n + silicon-doped GaAs crystal. All these plots are on a logarithmic scale with a dynamic range of 3.8 orders (a) and 5.0 orders (b) and (c). The faint image of the analyser streaks is just visible in (c) because of the imperfections in the germanium and the isotropic diffuse scattering close to the Bragg peak arises from the silicon point defects (the intensity falls as 1/Aq2).
blocks, whose diffraction vectors qlOOll will give rise to an uneven to profile, depending on their projected misorientations onto the horizontal plane and their size. The overall profile will be smeared by the instrumental function. Therefore if the instrumental function is narrower than the projected misorientations of the diffraction vectors then only one mosaic block will be in the diffracting condition for a given value of to. If these misorientations were very large compared with the instrument function, then the to profile would show discrete diffraction peaks. Typically, semi-insulating GaAs has a dislocation density of -104 cm-2 and a 'W' form distribution in density across the diameter of the wafer. An anomalous transmission (/zt = 18) Lang topograph on such a sample is given in Fig. 8 . It can be seen that the dislocations form a network surrounding regions of perfect crystal (mosaic blocks), which are approximately 0.7 mm in diameter. A series of multi-crystal reflection topographs (three-crystal five-reflection geometry with a photographic plate placed in the diffracted beam path from the sample) were taken at various values of to, Fig. 7 . The divergence of the beam from the monochromator was sufficiently broad (12" arc FWHM) to image a mosaic block, yet narrow enough not to be able to image more than one block because of the magnitude of their projected misorientations.
The regions imaged are characterized by a flat distribution of intensity which falls rapidly away at the top and bottom borders where there are defects (dislocations) (Fig. 9a) . The image sizes are also uneven and relate to the mosaic block dimensions, whereas if the substrate were uniformly bent it would require a projected radius of curvature less than 1.5 m to account for the to-profile width of Fig. 7 . If co crysfd angle ("arc) Fig. 7 . The o)-scan profiles through the GaAs 004 reflection, with no incident-beam slit (solid line) and with a vertical slit that halved the sampled area (dotted line). T1, T2, T3, T4 and T5 represent the positions at which the topographs in Fig. 9(a) were obtained. The falling intensity to the left of T1 arises from the variation in lattice parameter across the sample (cf. Fig. 6b ).
the curvature were uniform then all the image sizes would be the same and an order of magnitude smaller than observed. These dislocations therefore must accommodate the tilts between the distinct diffracting regions; mosaic blocks. The topograph shown in Fig. 9(b) was obtained by rocking to back and forth over the profile during exposure, showing that the mosaic blocks observed can fully account for the diffracted beam. The vertical striations occur because of the variation in intensity across the focus of the X-ray tube reflecting the coils of the filament. The same striations in the intensity were observed in a topograph of the beam from the monochromator. These striations can be eliminated by mounting the tube vertically, since the collimation and therefore the resolution is poorer in this plane. The to--2to' diffraction profile can now be performed on any of these mosaic blocks and in this case no residual strain could be measured. Adjacent blocks are also misorientated with respect to each other with average projected angles (onto the diffraction plane) of approximately 35(10)" arc. This twist is in the same sense between blocks towards the edge of the wafer. The magnitude of these tilts is such that each block can be considered as defining the maxi- mum lateral coherence length of the X-ray beam. The total twist projected onto the plane of the diffractometer was -160" arc (-35" arc between each mosaic block) and the lattice parameter decreases by 100 in 106 towards the edge over this 12 mm long sampled region determined from the variation in q±. The present results were obtained on a region 12 x 1.2 mm centred on a quarter of a 2 in wafer with the long dimension parallel to ~110). The uncertainty in qtoo~l from tilting these diffraction vectors out of the horizontal plane is negligible (Aa/a  -2"5 x 10-7) . Barnett, Tanner & Brown (1985) have reported a double-crystal diffractometry study (with synchrotron radiation) on the tilts and strains in semiinsulating GaAs. They noted that the lattice parameter varied from the centre to the edge of a 2 in wafer in the range 10-20 in 106 and that the latticeplane tilts varied in the range 10-40" arc. These results are very much in accordance with those from this study.
Summary
The conventional 'rocking curve' with an open-ended detector cannot truly assess residual strain in mosaic (a) (b~ Fig. 9 : The three-crystal five-reflection high-resolution topographs for the semi-insulating GaAs substrate; (a) shows the mosaic blocks imaged separately (and the defects between them) for different to values given in Fig. 7 and (b) the topograph of the same region but rocked in to through the whole profile. The exposure times were about 0.5 h on L4 nuclear emulsion, 004 reflection, Cu Ka radiation. The width of the images is 1 ram. and bent crystals. Reduction of the sampled region cannot guarantee the isolation of a mosaic block or the elimination of the influence of curvature and therefore it becomes very difficult to separate the residual strain from the structural imperfections. These difficulties are overcome by the HRMCMR diffractometer. This combination of topography on the same region of the sample where the diffraction profile is obtained can lead to a fuller and more meaningful interpretation of the diffraction profile. Furthermore, any section of the diffraction profile or map can be imaged thus permitting defect studies on thin epitaxic layers as well as their substrates. The signal-to-noise ratio with this arrangement is good enough to image very weak reflections and has been use to investigate layers a few hundred hngstrrms thick; examples of this will be covered in a future publication.
